The fraction of inward current carried by Ca 2+ (FCa 2+ ) through nicotinic acetylcholine receptors (nAChRs) on acutely isolated rat medial habenula (MHb) neurons was calculated from experiments that simultaneously monitored agonist-induced membrane currents and intracellular [Ca 2+ ], measured with patch-clamp and indo-1 fluorescence, respectively. In physiological concentrations of extracellular Ca 2+ (2 mM) at -50 mV, the percentage of current carried by Ca 2+ was determined to be > 3-4 %, which is in close agreement with measurements from other heteromeric nicotinic receptors expressed in peripheral tissue. et al. 1993; Sands et al. 1993; Seguela et al. 1993; Castro and Albuquerque 1995). However, these Goldman-Hodgkin-Katz (GHK) reversal potential estimates of Ca 
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The fraction of inward current carried by Ca , and thereby contribute to intracellular signaling with a variety of functional consequences (Rathouz et al. 1996; Burnashev 1998 release (CICR) from cytoplasmic stores (Tsuneki et al. 2000; Brain et al. 2001; Sharma and Vijayaraghavan 2001; Dajas-Bailador et al. 2002) , and the facilitation of transmitter release by presynaptically localized nAChRs (Gray et al. 1996) .
The functional contribution of a diverse group of subunits produces a large variability in nicotinic receptor-mediated Ca / monovalent ion permeabilities of nAChRs range from about 1 for heteromeric subtypes (Fieber and Adams 1991; Sands and Barish 1991; Vernino et al. 1992) up to 20 for the highly Ca 2+ permeable 7 receptor (Bertrand et al. 1993; Sands et al. 1993; Seguela et al. 1993; Castro and Albuquerque 1995) . However, these Goldman-Hodgkin-Katz (GHK) reversal potential estimates of Ca (Vernino et al. 1994; Neher 1995; Rathouz et al. 1996) . Alternate quantitative measurements of fractional Ca contributes a significantly higher fraction of current (6.7-20 %) through homomeric 7 type receptors (Delbono et al. 1997; Fucile et al. 2000; Fucile et al. 2005 ). 
METHODS

Acute isolation of habenula neurons
The medial habenula contains a morphologically homogenous group of densely packed neurons that can be easily identified based on their distinct morphology (Mulle and Changeux 1990) . In this study, neurons were isolated from rat medial habenula nuclei using methods described previously (Quick et al. 1999 ). In accordance with national guidelines, a single rat (10-20 day old) was anesthetized with halothane and decapitated. 
Patch-clamp recording in acute isolated neurons
Petri dishes containing cells were mounted to the stage of an inverted microscope The holding potential for all experiments was -50 mV.
Drug application
Control and drug-containing solutions were gravity fed into a linear array of glass barrels (ID = 0.38 mm; Garner Glass) positioned close (< 100 Vm) to the neuron. The barrels were attached to a piezo-electric bimorph (Piezo Systems, Cambridge, MA) connected to a variable 0-120 V DC-power source under computer control, and could be rapidly repositioned. Complete exchange of solutions occurred in approx. 50 ms (Lester and Dani 1995) , and estimated from the decay rate of currents after the stop of agonist application, drugs around recorded neuron were completely washed away within 1 s.
Intracellular calcium measurements
Indo-1 (Molecular Probes, Eugene, OR) was excited at 365 nm using 1 % light generated by a 100 W mercury arc lamp. Emitted light above 380 nm was initially captured through a dichroic mirror (Chroma Technology Corporation, Brattleboro, VT), and then split using a Hz, interleaved with the whole-cell current, using the Digidata-1200 (Axon Instruments).
Axobasic software (Axon Instruments) was used for online display of the raw voltage outputs in ] to recover (see Fig. 1D ), and cells that required more than 3 min were discarded.
In the experiments that measured Ca Estimates of intracellular [Ca 2+ ] were obtained using the R min / R max method (Grynkiewicz et al. 1985) : ] from its resting level at time, t, and the charge flux (q) was obtained by integrating the area under the nicotine-induced current up to t, where t can be part of or the entire duration of the agonist application. (Fig. 1A, B) . In 4 cells, in which the [Ca 2+ ] was determined from equation ] is linearly related to the fluorescence ratio (Fig. 1C) . One benefit of the uncalibrated approach is that it allows for small adjustments to the sensitivity of the PMTs to compensate for differential dye loading between cells, without the need for calibration in every cell.
Statistical analysis
Unpaired student t-tests were used to compare the percentage of current carried by Ca
2+
ions under different recording conditions. Paired student t-tests were used in all other comparisons. Significance was p < 0.05. Ca
-charge slopes were fit by linear regression using a least-squares method. Data are presented as mean ± S.E.M.
Receptor nomenclature
Subtypes of nAChRs are referred to by their putative subunit composition with an asterisk to represent likely inclusion of additional subunits (Lukas et al. 1999 ). ] measurements (Fig. 1A) , is linear over the entire duration of the response (Fig. 1B) .
Deviations from linearity could indicate, e.g., Ca transients as a result of differential cell size and / or buffering will be effectively eliminated (Vernino et al. 1994 ). In addition, this , and the resulting current and change in intracellular [Ca 2+ ] were recorded ( Fig. 2A, left) . would be the only permeative specie during the nicotine-induced inward current ( Fig. 2A, right ions, by application of equation (2) to the relative F / q ratios, was 4.2 ± 0.4 % (n = 10). buffering was not a confounding issue (Fig. 3A) . Although space-clamp problems are unlikely in these small round acutely isolated cells, another potential source of Ca release from intracellular stores (n = 4; p < 0.05; Fig. 3B ). However, when cells were either exposed to 1 µM thapsigargin via bath perfusion (Fig. 3C ) or internally perfused with 6 VM cyclopiazonic acid (CPA), another Ca 2+ -ATPase blocker (Fig. 3A) , there were no differences in the fractional Ca (Fig. 3A) . In order to confirm these results, bath application of the well-known mitochondrial inhibitor carbonyl cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP), was used so that the FCa 2+ measurements could be compared in the same cell. FCCP, in a similar manner to RR, produced a decrease in the measured fractional Ca 2+ influx from 4.6 ± 0.3 to 3.6 ± 0.5 (n = 6; p < 0.05) (Fig. 3D ). These data seem most readily explained if the F / q ratio was increased more by ruthenium red and FCCP in pure Ca 2+ solutions compared to the physiological were comparable in the presence and absence of FCCP (0.77 ± 0.12 and 0.73 ± 0.12; n = 6; p > 0.05), while there was a trend, albeit insignificant, towards an increased F / q ratio after the treatment of FCCP in the pure Ca 2+ external solution. The ratios were 17 ± 3 and 21 ± 4 (n = 6; p > 0.05) before and after FCCP, respectively.
Effects of intracellular buffering and
Elevation of intracellular Ca
2+ by endogenous agonists
Synaptic activation of nAChRs by endogenous acetylcholine (ACh) in the MHb has not
been demonstrated (Edwards et al. 1992) , leaving the role of these ion channels unclear.
Furthermore, it has been argued that the major, and probably only, physiological source of Ca 2+ influx in MHb cells is via purinergic receptors (Robertson et al. 1999 ). An explanation for the high density of Ca
2+
-permeable nAChRs on these neurons (Mulle et al. 1992a ) is therefore warranted. One possibility is that these receptors are stimulated by diffusely released ACh, or its hydrolysis product, choline (Alkondon et al. 1997; Zoli et al. 1999) . If this is the case, then receptors may only be exposed to low concentrations of agonist. The EC 50 for ACh on MHb cells is 80 VM (Mulle and Changeux 1990), so a concentration of 10 VM will activate about 5 % of the total receptor population, but because of the high channel density (Lester and Dani 1994), the absolute number of receptors activated could be substantial. We tested whether a low concentration of ACh was effective in increasing intracellular Ca 2+ in MHb cells. Figure 4A shows that a 10 s application of 10 VM ACh can significantly raise the cytosolic [Ca 2+ ]. The mean peak [Ca 2+ ] was increased to 157 ± 14 nM from a resting level of 87 ± 4 nM (n = 3; p < 
nAChRs report changes in extracellular Ca
2+
In the narrow extracellular space inside the brain, extracellular [Ca 2+ ] fluctuates greatly during neuronal activity (Heinemann et al. 1977; Stabel et al. 1990 ). Since low concentrations of agonists can induce prolonged activation of slowly desensitizing nAChRs in the MHb (Lester ]. The mechanistic feasibility is illustrated in Fig. 5 . The nAChRs were first activated by 10 µM ACh in 0.5 mM extracellular Ca 2+ for 5 s, after which the extracellular Ca 2+ was changed to 4 mM in the continued presence of ACh for an additional 5 s (Fig. 5A) . ] was increased (see Fig. 5A ). This lack of potentiation by extracellular Ca In terms of receptor heterogeneity, the structural 5 subunit has been strongly implicated in nAChRs of the peripheral nervous system (Vernallis et al. 1993; Ramirez-Latorre et al. 1996) , and markedly increases the Ca et al. 1993; Seguela et al. 1993; Castro and Albuquerque 1995; Delbono et al. 1997; Fucile et al. 2000; Fayuk and Yakel 2005; Fucile et al. 2005) . Even though choline has conventionally been considered as an 7* receptor selective agonist (Papke et al. 1996) , it has also been reported to activate 3 4*-containing nAChRs on PC12 cells (Alkondon et al. 1997) and in hippocampus slices (Alkondon and Albuquerque 2002) . In the present study, the insensitivity of choline-induced responses to MLA argues against functional 7* receptors in isolated MHb neurons, a finding consistent with the inability of -bungarotoxin to block the MHb nicotinic response reported in a previous study (Mulle and Changeux 1990) . Furthermore, using patch clamp and single cell RT-PCR techniques, 7 mRNA was detected only in about 40 % MHb cells responding to nicotinic agonists, implying that 7* subunits are not essential for functional nAChRs on the majority of MHb cells (Sheffield et al. 2000) . Within the confined extracellular space, [Ca 2+ ] fluctuates greatly during synaptic activity (Heinemann et al. 1977; Stabel et al. 1990) , and may encode important information, that can be detected by a variety of mechanisms. In synaptic clefts and surrounding areas, a decrease in [Ca 2+ ] has been shown to directly affect synaptic transmission (Borst and Sakmann 1999; (Carlson et al. 2000) .
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